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Behavioural experiments and ganglion cell recordings indicate that the visual sensitivity of dark- 
adapted toads is limited by the occurrence of spontaneous i omerization-like noise events in the 
rods. The frequency of these "false photons" has previously been studied (with micropipette 
recording) in the toad species Bufo marinus, while the behavioural thresholds were determined 
using Bufo buflp toads. Thus, it was necessary to check that the noise event frequency is roughly the 
same in these two species. Here we show that it is, in both species, close to 0.02 events per second and 
rod (at 22°C). Using microspectrophotometry wefurther show that the absorption spectra of these 
two rhodopsins are very similar, peaking around 503.3 and 501.8 nm for B. marinus and B. bufo, 
respectively. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 
In this short paper we report that the frequency of 
discrete "dark" rod events is approximately the same in 
the two toad species, Bufo marinus and B. bufo. This 
information is important because the spontaneous 
isomerization-like noise events are exceptionally well 
characterized in B. marinus (Baylor, Matthews, & Yau, 
1980; Leibrock, Reuter, & Lamb, 1994). The behaviour- 
al experiments, however, establishing a close agreement 
between the frequency of dark rod events and the lowest 
light level sufficient for working vision, have been 
carded out in the European common toad B. bufo (Aho, 
Donner, Hydtn, Larsen, & Reuter, 1988; Aho, Donner, 
Helenius, Larsen, & Reuter, 1993). In this study we also 
report that the absorption spectra of B. marinus and B. 
bufo rhodopsins in situ are very similar. The primary 
structures of these two rhodopsins have been deter- 
mined. At the amino acid level they are 96.3% identical 
(Fyhrquist, Donner, Hargrave, Mc Dowell, Popp, & 
Smith, 1998). 
It seemed rather safe, in 1988, to assume that all Bufo 
species have rhodopsins with similar thermal stability 
and thus similar freque, ncy of thermal activation (evi- 
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dence has been presented that the discrete spontaneous 
events result from spontaneous thermal isomerizations of 
native rhodopsin molecules; Baylor et al., 1980; Barlow, 
Birge, Kaplan, & Tallent, 1993). However, 2years later it 
was reported that two spectraUy very similar amphibian 
rhodopsins, those of B. marinus and Rana catesbeiana, 
produce drastically different noise event frequencies 
(Donner, Firsov, & Govardoskii, 1990b). Thus, it became 
necessary to test B. bufo rods directly. 
A convenient opportunity arose when we studied the 
frequency of discrete rod events, in darkness and after 
small bleaches, in the isolated rods of B. marinus 
(Leibrock et al., 1994). At the same time, we also did a 
few experiments with B. bufo. Thus two of us (C.L. and 
T.R.) did the noise event work in Cambridge, U.K., while 
N.F. and V.G. carried out the microspectrophotometric 
experiments in Helsinki. 
MATERIAL AND METHODS 
Electrophysiology 
Five small (eye diameter approx. 5 mm) B. bufo toads 
were obtained from northern England. The circulating 
current was recorded from isolated rod photoreceptors 
using the suction pipette technique of Baylor, Lamb, & 
Yau (1979a) as modified by Fain, Lamb, Matthews, & 
Murphy (1989). A detailed escription of the parallel B. 
marinus experiments, with exceptionally well identifiable 
"dark" events, has been published by Leibrock et al. 
(1994) (Fig. 1). We observed no obvious ize difference 
between the B. bufo and B. marinus rods used in these 
experiments. Usually we recorded from a rod outer 
segment of which 3/4 or 4/5 were drawn into a glass 
suction pipette. The temperature was about 22°C. 
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M icrospectrophotometry ( MSP ) 
Absorbance spectra of single red rod outer segments 
from B. bufo and B. marinus were recorded with a single- 
beam computer-controlled wavelength-scanning micro- 
spectrophotometer built at the University of Helsinki. A 
halogen lamp served as light source and spectral lights 
were obtained with a grating monochromator whose 
position was controlled by a computer-driven step motor. 
The design of this instrument will be described else- 
where. The wavelength calibration was checked aily by 
recording the absorbance of a blue glass which was 
carefully characterized by a Hitachi 150-20 spectro- 
photometer. The reproducibility of the wavelength scan- 
ning was within 0.2 nm. The light was linearly polarized 
in the plane of the discs of the outer segment. 
The procedure of dissection and sample preparation is
described by Loew, Govardovskii, R6hlich, & Szel 
(1996). Raw spectra were corrected for zero offset; the 
position of the zero line was computed as a straight line 
least-square fitted to the long-wave tail of the spectrum 
between 650 and 750 nm, where the visual pigment 
absorbance is virtually zero. Then 20-60 spectra were 
normalized to 1.0 at 502 nm and averaged. Average 
curves obtained in different arrimals were fitted with the 
rhodopsin template proposed by Partridge and DeGrip 
(1991). 
RESULTS 
Frequency of dark events in Bufo bufo ~s 
All toads were well dark-adapted for at least 2 hr. 
Before recording in complete darkness we first recorded 
responses to very dim 500 nm flashes isomerizing, on 
average, about one rhodopsin molecule per rod. Thus, we 
could estimate the amplitude and duration of single 
photon events and knew what to look for during the 
subsequent dark period. 
Figure 1 illustrates our "best" B. bufo recording, i.e. 
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FIGURE 1. Continuous recording of suction pipette current from a toad (B. bufo) rod photoreceptor first exposed to 30 dim and 
one near-saturating flash, and then left in total darkness for 17 min. Each trace is 9 min in duration. The 30 dim flashes (small 
upward markers) corresponded, on average, to 1.5 photoisomerizations perflash, and the near-saturating one (up arrow) to 
approx. 750 isomerizations. The down arrows indicate presumed spontaneous rod events. 
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that showing the best identifiable isomerization events 
and a reasonably stable baseline. The recording initially 
presents responses to 30 test flashes at 10 sec intervals, 
each producing in this case on average 1.5 isomeriza- 
tions. The upward markers indicate the timing of the dim 
test flashes. Eight flashes produced no response of 
expected latency, 14 responses seemed to reflect single 
isomerizations producing roughly 1-1.5 pA responses, 
while eight apparently were based on two or more 
effective photons. During this flash series lasting 5 min 
one can discern four events which seem unrelated to 
flashes (down arrows). This initial stimulus eries was 
followed by a saturating flash (up arrow, about 750 
isomerizations) producing an 18 pA response. 
Following the initial series of stimuli we were able to 
keep the rod for 17 min Jin complete darkness. During that 
period we counted 22 discrete isomerization-like events 
apparently randomly distributed in time (down arrows). 
Thus, we observed 0.022 events/see. In a similar experi- 
ment we observed 11 events during 12 min, or 0.015/sec. 
In B. bufo rods the frequency of thermal rhodopsin 
activation thus seems to be 0.02 events/see at22°C. 
Absorbance spectra o f  ]3. bufo and B. marinus rods 
Due to the large size of toad rod outer segments the 
signal-to-noise ratios of the MSP recordings were high. 
We recorded averaged spectra from five toads of each 
species. The two rhodopsins are very similar with respect 
to their spectral shape. However, their spectra re not 
identical; our MSP recordings suggest that the rhodopsin 
spectrum of B. marinus (in relation to that of B. bufo) is 
displaced approx. 1.5 nm towards longer wavelengths 
(Fig. 2). The difference was always of the same magni- 
tude and in the same direction when averaged spectra 
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FIGURE 2. Comparison f absorbance spectra ofB. bufo (line) and B. 
marinus (dot) rods. MSP recordings from 60 rod outer segments in B. 
bufo were normalized at 502 nm and averaged. The standard errors of 
the mean did not exceed the width of the line describing the B. bufo 
data. Data for B. marinus are obtained from 30 outer segments. Best 
fitting rhodopsin template yields 2max = 501.8 nm for B. bufo, and 
503.3 nm for B. marinus. 
compared. This difference, although not clear at 2max, is 
obvious when we apply a nomogram-fitting procedure 
that relies on the steep stretch of the long-wavelength 
branch of the absorbance curve. 
DISCUSSION 
The idea that the absolute sensitivity of vision is 
limited by an intrinsic dark light was first proposed by 
Fechner (1860). Autrum (1943) suggested that this dark 
light is a phenomenon produced by thermal decay of 
rhodopsin. Barlow (Barlow, 1956; Barlow, 1957; Bar- 
low, 1977) presented the rod noise idea in a quantitative 
and testable form, and noise of the proposed type was 
indeed later observed in (membrane potential or current) 
recordings from dogfish bipolar cells (Ashmore & Falk, 
1977; Ashmore & Falk, 1982), from toad rods (Baylor et 
al., 1980) and from toad horizontal cells (Reuter, Donner, 
& Copenhagen, 1986; Donner, Copenhagen, & Reuter, 
1990a). 
A number of studies have supported the idea that it is 
indeed the frequency of spontaneous rod events that 
limits the thresholds of very sensitive dark-adapted 
retinal ganglion cells (Copenhagen, Donner, & Reuter, 
1987) and the visual performance of night-active toads 
(Aho et al., 1988, 1993). 
This short report provides amissing piece of informa- 
tion related to these experiments. Behavioural work and 
ganglion cell recordings carried out at 15-16°C indicate 
that the toad B. bufo, and its retinal ganglion cells, can 
detect a pale prey dummy moving against a dark 
background, provided that the light reflected from the 
dummy produces at least 0.01--0.02 photoisomerizations 
per rod and second. This fits very well with the 
observation in B. marinus that the frequency of 
spontaneous isomerization-like rod events, at a tempera- 
ture of 15-16°C, is 0.015 sec -1 (Baylor et al., 1980; 
observe that he frequencies presented by Baylor et al. are 
obtained in recordings from 3/4 of the rod outer segment, 
and should be multiplied by a factor of 1.3 when related 
to the situation in the intact oad). 
Here we report hat the frequency of dark noise events 
is very similar in the two toad species. Baylor et al. 
(1980), referring to four different methods for determin- 
ing the noise event frequency, reported a mean frequency 
of 0.021 sec -1 at 20°C, for 3/4 of the rod outer segment. 
At 22°C, and using a similar fraction of the rod outer 
segment, we recorded a value of about 0.020 sec -1 for B. 
marinus by visually counting presumed "dark" events 
(Leibrock et al., 1994; Fig. 7, data points at the lower left 
part of the figure). Here we used the same method for B. 
bufo and obtained very similar frequencies. Thus, it is 
obvious that B. marinus and B. bufo rods being of similar 
size also have similar dark-event frequencies. Thus, the 
conclusions presented by Aho et al. (1988, 1993) 
regarding noise-limited thresholds are valid (see second 
paragraph of the Discussion). 
Earlier spectrophotometric (extract), microspectro- 
photometric, and electrophysiological studies have 
shown that both B. marinus and B. bufo rhodopsins 
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absorb maximally at about 502 nm (B. marinus: Cresci- 
telli, 1958; H~osi, 1975; Baylor, Lamb, & Yau, 1979b; 
B. bufo: Muntz & Reuter, 1966). The averaged recordings 
presented in this study indicate that the absorbance 
spectrum of B. marinus rods is about 1.5 nm displaced 
towards longer wavelengths in relation to that of B. bufo 
rods. Small differences in the primary structure of these 
rhodopsins were also detected (Fyhrquist et al., 1998). 
However, the difference in the absorbance spectra and in 
the primary structure of the rhodopsin in the two toad 
species does not perceptibly influence its rate of thermal 
isomerization. 
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